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One of the most intriguing questions of brood parasitism is why there are host species that lack defence mechanisms against parasites (Rothstein and Robinson 1998 , Winfree 1999 , Hosoi and Rothstein 2000 . The most frequent and effective defence mechanism by hosts is to recognise and reject the parasitic egg (ejecting it, building a new nest on top of the eggs, or deserting the clutch). However, many frequently parasitised species lack such behaviour. In others some populations are rejecters while other populations are acceptors. Even rejecter and acceptor individuals may coexist in the same host population (reviewed in Lotem and Nakamura 1998) . One of the main hypothesis proposed to explain this observation is the evolutionary equilibrium hypothesis, which suggests that the absence of defences by hosts arises from an equilibrium determined by the costs and benefits of rejection (Rohwer and Spaw 1988 , Petit 1991 , Lotem et al. 1992 , Brooker and Brooker 1996 , Lotem and Nakamura 1998 . Several studies have identified costs incurred by hosts when rejecting parasitic eggs, and the idea that such costs influence the adoption of defences by hosts when parasitised has often been modelled. These costs may either influence (1) the individual decision to reject (Davies and Brooke 1989b , Lotem et al. 1995 , Davies et al. 1996 , Lotem and Nakamura 1998 , Takasu et al. 1993 , (2) the evolution of defences in a species (Rohwer and Spaw 1988 , Røskaft et al. 1990 , Røskaft and Moksnes 1998 or even (3) the type of defence evolved against parasite eggs (Rothstein 1976 , Davies and Brooke 1989a , Moksnes et al. 1991 ).
The main costs proposed for hosts when rejecting parasitic eggs are (i) recognition errors in unparasitised nests (in which rejecter individuals mistakenly recognise their own eggs as parasitic and eject them, or desert a clutch they think has been parasitised but in which they are unable to identify the parasitic egg), and (ii) ejection costs (in which parasitised rejecter individuals accidentally break their own eggs when trying to eject the parasitic egg, or desert the nest in response to the parasitic egg; Davies et al. 1996 , Lotem and Nakamura 1998 , Røskaft and Moksnes 1998 . The identification and quantification of both sources of costs are of great importance for the study of coevolutionary relationships between brood parasites and their hosts (Rothstein and Robinson 1998) . Taken together, both kinds of costs have been used to model the possible decisionmaking behaviour of recogniser individuals confronted with odd eggs in their clutches depending on the actual probability that their nests have really been parasitised (Davies et al. 1996, Lotem and Nakamura 1998) . Also, using estimates of both kinds of cost in natural populations, such models have successfully predicted the rejection behaviour of hosts in some species (Davies et al. 1996, Røskaft and Moksnes 1998) . Recognition errors when non-parasitised appear as the main kind of costs that are able to counteract the benefits of rejection to common cuckoo hosts and thus to explain equilibrium stages in the arm races between cuckoos and hosts (Davies et al. 1996, Lotem and Nakamura 1998) . However, rejection costs are also important. For example, they are always variables considered in the equations used in the models; they affect the speed by which rejection genes spread in a population of hosts (Davies and Brooke 1989b , Lotem and Nakamura 1998 , Røskaft and Moksnes 1998 ; can affect the evolution of different types of defence against parasite eggs (Moksnes et al. 1991, Røskaft and Moksnes 1998) ; and are specially important in host-parasite systems in which the parasite chick does not evict host eggs Rohwer 1987, Rohwer and Spaw 1988) . Therefore, we should try to identify and quantify rejection costs in such species to better understand the relationship between parasites and hosts (Rothstein and Robinson 1998) .
Estimates of rejection costs obtained for one host species may not be generalisable, given that the magnitude and relative importance of the two kinds of cost probably depend on characteristics that differ among species. For example, rejection costs could depend on the tactic used when rejecting eggs (grasp ejection, puncture ejection, and desertion), which seems to be constrained by bill size Spaw 1988, Moksnes et al. 1991) , and the magnitude of losses for puncture ejectors probably also depends on bill size. Other variables that may affect rejection costs are bill shape and strength, or nest depth (some hosts may roll the parasitic egg out of the nest, e.g. Marchetti 1992 ).
All these sources of variation of rejection costs could greatly influence the outcome of the arms race between parasite and host.
Most studies of egg-rejection ability by European cuckoo Cuculus canorus hosts have been performed by introducing artificial model eggs made to mimic cuckoo eggs in size, mass, colour and mark patterns in hosts nests. However, such model eggs have never mimicked the resistance of cuckoo eggs to breakage, some being very soft (e.g. plasticine models, Marchetti 1992 Marchetti , 2000 and others very hard (gel coat resin, hard plastic or plaster of Paris, e.g. Davies and Brooke 1988 , 1989a , b, Moksnes et al. 1991 , Palomino et al. 1998 . This makes it difficult to know whether the costs observed are similar to those that birds suffer when confronted with real cuckoo eggs. This problem has been addressed previously by other authors (Rothstein 1976 , 1977 , Moksnes et al. 1994 . For example, Rothstein (1977) , studying a different brood-parasite system (cowbirds Molothrus), found that ejection of real eggs was less costly for northern orioles Icterus galbula than ejection of artificial hard models. Moksnes et al. (1994) , in experiments with real eggs in two cuckoo hosts, also found lower rejection costs than they had previously found with the same species using artificial models (Moksnes et al. 1991) . However, such comparisons have been made only with a few species. Some studies using experimentally introduced real cuckoo eggs (Lotem et al. 1995) or naturally parasitised nests (Davies and Brooke 1988) have found that hosts of the common cuckoo really incur rejection costs. However, in the literature reviewing the costs of rejection by cuckoo hosts, authors sometimes include references to studies performed with hard egg models (for example Røskaft and Moksnes 1998, p. 241 ). Here we compare the rejection costs suffered by several potential hosts of the common cuckoo in Spain when rejecting artificial models and real eggs. This experiment intends to test whether the idea that experiments with artificial models overestimate the costs of rejection for common cuckoo hosts can be generalised.
Methods

General methods
The study was performed during spring 1998-1999 in two adjacent valleys (Monachil and Genil rivers) in the Sierra Nevada mountains (south-eastern Spain), in several different habitats at 800-2200 m a.s.l. Cuckoos were present in the study area during the entire breeding season, where apparently only the European robin Erithacus rubecula is a frequent host (own unpubl. data) . In these areas we tested 16 potential host species with model cuckoo eggs.
All habitats were systematically surveyed between March and July to find nests of every potential host species breeding in the area. All nests were numbered and visited often enough to determine laying date, clutch size and fledging success. During the visit when the clutch was found to be complete, we introduced a model cuckoo egg in the nest. After seven days we recorded the host's response to the model. However, when possible the nests were revisited the same day that they were artificially parasitised (after at least two hours), and once or twice during the next seven days to record possible host responses. This was done to minimise the risk that the clutch was lost to predation before the host's response had been recorded. We considered the model egg to have been rejected when at one of our visits it had disappeared, the nest had been abandoned, or the model or some host eggs had been damaged. Since the objective of this study was to assess the costs suffered by birds when rejecting eggs, we have only included cases in which the models were rejected. We performed experiments with both non-mimetic and mimetic models. However, in most cases the costs detected could be attributed to rejection and not to recognition costs (because the models had been pecked). Moreover, for the species with sufficient cases for comparing the costs for mimetic and non-mimetic models within each model type (hard models or real eggs, see below), we found similar costs. Hence, all cases of rejection were pooled.
We used two kinds of cuckoo model-egg. In 1998 we made artificial models of plaster of Paris using latex moulds made from natural cuckoo eggs. Later they were painted with acrylic paints to produce nonmimetic or mimetic eggs. In 1999 we used both artificial models and real eggs. Real eggs were obtained from a captive population of house sparrows Passer domesticus breeding in the Animal Biology and Ecology Department of the University of Granada. The sparrows were provided with calcium ad libitum. We only used unincubated sparrow eggs, which were painted with acrylic paints in the same way as artificial eggs. Real eggs were kept in a refrigerator at 4-5°C until used, which always was shortly after they had been laid. They were introduced in the nests of species that in 1998 showed rejection behaviour towards artificial models, resulting in some rejection costs (damage or disappearance of host eggs and nest desertion). Species in which there were no costs linked to the rejection of artificial model eggs were not tested with real eggs. The sizes of the two types of artificial model were 20.25×15.48 mm and 21.69×15.20 mm, and the sizes of two real cuckoo eggs in Sierra Nevada 21.01 ×15.80 and 20.98× 16.55. The size of 31 real sparrow eggs was 20.66 9 0.87× 4.97 90.74 mm. This was quite similar to that of real cuckoo eggs although the width of sparrow eggs was significantly smaller than that of cuckoo eggs (one-way ANOVA: length F 1,33 =0.50, n.s., width F 1,33 = 2.20, pB 0.05).
Since eggshell thickness and egg shape (roundness) have been shown to be the main determinants of differences in eggshell strength between parasitic birds and their hosts (Picman 1989a) , we compared these measurements between real cuckoo eggs and our real model eggs. Shell thickness was measured with a Mitutoyo No. 547-315 digital thickness-meter in five randomly selected pieces of the shell of each egg after emptying it and breaking it into pieces. Mean thickness of 12 unpainted sparrow eggs was 0.1099 0.008 mm. Mean thickness of two painted eggs like those used in the experiments was slightly but significantly greater (0.12790.004 mm, one-way ANOVA F 1,12 = 9.49, pB 0.01). The shell thickness of common cuckoo eggs measured with a different method was 0.108 mm (n= 10, Moksnes et al. 1991) , and that of one cuckoo egg measured with our method was 0.112 mm. Therefore, the thickness of cuckoo eggs was quite similar to that of house sparrow eggs. The roundness of 31 real sparrow eggs (length/breadth, following Picman 1989a) was 1.389 0.07, while that of the two model eggs and two cuckoo eggs from Sierra Nevada (n=4) was 1.339 0.07. Therefore, cuckoo eggs were slightly more rounded than sparrow eggs, although not significantly so (one-way ANOVA F 1,33 = 1.94, n.s.). Sparrow eggs were thus quite similar to common cuckoo eggs in two of the most important eggshell characteristics affecting their strength. Picman and Pribil (1997) argued that undetected variables may affect eggshell strength. To compare directly the resistance to breakage by puncture of cuckoo eggs and our models, we used a device similar to that described by Picman (1989b) using eggs kept for one year at room temperature (see Results).
Besides the species tested in Sierra Nevada, we have included data on the rufous-tailed scrub robin Cercotrichas galactotes studied in Los Palacios (Sevilla, southwestern Spain) 1993-1998.
The existence and magnitude of costs may depend on characteristics of the host's bill (see introduction; Moksnes et al. 1991) . We therefore used bill length and the grasp index for the species studied. Bill length was obtained from Cramp (1988 Cramp ( , 1992 and Cramp and Perrins (1993-94) and was the length from the bill tip to skull. The grasp index is tomial length (from the commisural point at the corner of the mouth, diagonally to the tip of the upper mandible) multiplied by the commisural breath (distance between the commisural points, Moksnes et al. 1991) . For all but one species (Fringilla coelebs, data from Moksnes et al. 1991) , we averaged the measurements for three to ten individuals in the Estació n Bió logica de Doñ ana (CSIC) museum collection. Since the sex that incubates seems to be the one involved in rejections (M. Soler, M. Martín-Vivaldi and T. Pérez unpubl.), in species in which only females incubates we measured only females, but in those in which both sexes incubate we measured both males and females.
We consider that our artificial eggs were sufficiently hard to simulate the use of hard models by other researchers, because most small host species tested were unable to eject them without causing some damage to their own eggs and frequently rejections were by nest desertion (see Results). However, our artificial models were sufficiently soft to become damaged when the birds attempted to eject them by puncture ejection, which allowed detection of pecks. Overall, 16 out of 17 recovered model eggs (94%) that provoked unselective rejections by puncture ejector species to some extent showed marks on the surface (M. Martín-Vivaldi, M. Soler, T. Pérez and A. P. Møller unpubl.).
Determination of rejection costs
We have considered as rejection costs the damage or disappearance of own eggs and the desertion of the clutch. We carefully checked the eggs for dents, cracks and holes both before introducing the model eggs and when recording the response of birds, and we consider that any new damage during the second check was caused by the birds when trying to eject the model egg. Similarly, when a host egg disappeared between two visits, it was considered to have been broken and ejected by the bird when attempting to eject the model egg. For each species we have calculated the percentage of nests in which at least one egg was damaged or ejected when rejecting the model, and the mean number of eggs damaged per model rejection.
We considered that an artificially parasitised nest had been deserted whenever the eggs remained cold in the nest, and the parents were not observed in the nest for several days. Desertions are considered to be the result of the presence of the model, and we intended to assess the total costs suffered when rejecting the model egg. Thus, when evaluating the costs of rejections we included the costs of desertion (percentage of nests deserted) both of the nests in which desertion was the only kind of response detected, and of those in which, before deserting, the birds had pecked or ejected the model or broken some of their own eggs.
In addition, in three small host species (Syl6ia atricapilla, Syl6ia cantillans and Syl6ia melanocephala) we video-recorded rejection behaviour of birds confronted with our experimentally introduced sparrow eggs to evaluate the effort needed by puncture ejectors to eject real eggs. This was done by placing a video camera at a distance of 1 -3 m from the nest immediately after the model egg had been introduced. We counted the number of pecks and the time that birds needed to puncture the shell of sparrow eggs.
Results
Influence of the size of the species
All species with a bill shorter than 19 mm and grasp index smaller than 200 mm 2 suffered high rejection Table 1 . Frequency of nest desertion, damage (or disappearance) of eggs, and all kinds of cost combined in different potential cuckoo-host species when rejecting model eggs (M) and real eggs (R). The percentages reflect the frequency of rejections that involved costs out of the total number of rejections (N) for each species. In the percentage of nests deserted are included both those that were abandoned after egg ejection, pecking at the model egg or the breaking of some own eggs and those simply deserted (see Methods and Results sections). Species are ranked by decreasing bill length. The grasp index is the tomial length multiplied by the commissural breadth (Moksnes et al. 1991) . In the percentage of nests with costs are included the nests that were deserted and also those that only suffered egg damages. N indicates the number of rejections obtained for each species with model or real eggs (i.e. cases in which the model or real egg was accepted are not included in the table or in any of the analyses). costs when rejecting artificial models while those with longer bills and greater grasp indexes did not (Table 1) . This result is consistent with a previous study of several cuckoo hosts (Moksnes et al. 1991) .
Grasp
Costs of rejection for model eggs and real eggs
Very few species suffered rejection costs when tested with real eggs (Table 1) . Of eight species with at least two rejections of real eggs, only three (Motacilla cinerea, Fringilla coelebs and Syl6ia cantillans) suffered such costs (Table 1) . However, only S. cantillans broke some of its own eggs in some of the rejections, while the costs for the other two species were always desertions. Of the four desertions by M. cinerea in tests with real eggs, two occurred simultaneously with the ejection of the model egg. Therefore, it seems that the desertion was not produced by an inability of the birds to eject the model egg. Nevertheless, since we cannot reject the possibility that desertions were a response to the model, these cases have been regarded as desertions. Therefore, a total of 30.0 -37.5% (depending of whether we include species with only one rejection or not) of the species tested with real eggs (all of them with bill shorter than 19 mm) showed rejection costs, while 100% of the same species showed costs when tested with hard artificial eggs (Table 1) . Moreover, in all species tested with both kinds of model, rejection costs were much higher for hard model eggs than for real eggs (Table 1 ). These differences were significant for proportion of nests deserted (only species with more than one rejection of both types of models, Wilcoxon matched-pair test, z= 2.37, n = 7, PB 0.02), proportion of nests with damaged eggs (z =2.37, n=7, pB 0.02), mean number of eggs damaged (z=2.37, n=7, PB 0.02), and percentage of nests with some kind of costs (including those only with damaged eggs and those deserted, z= 2.37, n= 7, PB 0.02). The video-recordings confirmed that real eggs were difficult for the birds to puncture. The number of pecks needed to puncture the eggs was very high in the three puncture ejectors that we recorded (S. atricapilla: 4539 322 (range= 140-898, n=5), S. cantillans: 5499642 (range=97-1285, n= 3), and S. melanocephala: 261 pecks at the only nest recorded). The birds devoted a total of 9.995.9 min (range 3.4-18.2), 10.7910.4 min (range 2.2-22.3) and 5.35 min, respectively, to pecking. The sparrow egg broke after 127.5 9 128.8 min (range 35.3-351.7), 97.2938.3 min (range 71.4-141.1) and 198.1 min, respectively, from the moment the birds first pecked at it. An additional pair of S. cantillans that did not manage to puncture the sparrow egg, pecked it 4105 times, devoting a total of 35.3 min to pecking during 390.1 min recorded since they started pecking.
Puncture resistance of the different model eggs
Unpainted sparrow eggs needed a pressure of 71.79 6.6 g/mm 2 (range 67.3-79.2, n= 3) to be punctured, which was lower, but not significantly so, than that required to puncture painted sparrow eggs which was 83.49 12.1 g/mm 2 (n =5; Mann-Whitney U-test, z= −1.34, P=0.18). A greater pressure was needed to puncture real cuckoo eggs (range 120.0-136.4 g/mm 2 , n= 2), which differed from the resistance of sparrow eggs (Mann-Whitney U-test, with all sparrow eggs combined, z = −2.09, P= 0.053). Therefore, our painted sparrow eggs were still less resistant than real cuckoo eggs. Nevertheless, such painted eggs were more similar in resistance to real cuckoo eggs than our artificial model eggs, which, with a pressure of 195.2 g/mm 2 (n =5), were not even marked on the surface by the puncture tester. Moreover, artificial models were solid, and therefore a small hole in the surface is insufficient for puncture-ejector species to eject them. The puncture resistance of the eggs of several host species for which we had unhatched eggs was always lower than that of cuckoo eggs or our painted sparrow eggs: , n=1 (Mann-Whitney U-tests, comparison between the two cuckoo eggs and all the eggs of the species listed above: z= −2.25, PB0.05; comparison between the eight sparrow eggs and all the eggs of the species listed above: z= −2.41, PB0.05). These comparisons should be considered with caution, given that we used old eggs and we do not know whether drying affects the resistance of different eggs in the same way. However, we believe that the differences are big enough to suggest that artificial models are more resistant than real cuckoo eggs, that sparrow eggs are less resistant than cuckoo eggs, and that the difference between sparrow and cuckoo eggs is smaller than between real cuckoo eggs and artificial models.
Discussion
In most studies that have investigated the defences of hosts towards parasitism by the common cuckoo, researchers have examined the response of birds to experimentally introduced artificial cuckoo model eggs in their nests. In other host-parasite systems where parasitism rates are very high, researchers can obtain many real parasite eggs for their experiments (e.g. Røskaft et al. 1993 , Sealy and Neudorf 1995 , Sealy 1996 . The use of artificial model eggs has the inherent problem that they probably do not mimic the resistance of real cuckoo eggs to breakage and thus birds do not experi-ence the same difficulty in rejecting model and real cuckoo eggs (Rothstein 1977 , Moksnes et al. 1994 . Since the costs suffered by host species when rejecting cuckoo eggs are of great importance for the understanding of the coevolutionary relationships between brood parasites and their hosts (Rothstein and Robinson 1998) , it is worthwhile assessing whether the costs recorded in experiments correspond to those that hosts experience when rejecting real cuckoo eggs in their natural interaction with the parasite.
We found that all host species with a short bill, which usually reject eggs by puncture ejection rather than by grasp ejection (Moksnes et al. 1991 , M. Martín-Vivaldi, M. Soler, T. Pérez and A. P. Møller unpubl.), suffered costs when rejecting hard models. Such costs were probably due to the birds trying to puncture the model and accidentally breaking their own eggs when their bill slipped over the hard surface of models, or to the desertion of nests after repeatedly trying to eject the model egg and failing to do so, as suggested elsewhere for other puncture ejector species. Here we have shown that the same species suffered much lower costs when rejecting real eggs. Most species suffered no or only small costs. Although our painted sparrow eggs were quite similar to real cuckoo eggs in shell thickness and roundness, they were less resistant to puncture than cuckoo eggs. Therefore, our quantification of rejection costs probably underestimates the true costs that birds may suffer when rejecting real cuckoo eggs. However, such estimates of costs are more realistic than those obtained with hard artificial eggs, which need a much higher pressure to be punctured. Moreover, the model eggs were solid and thus could not be grasped by the birds through a hole to be ejected. Our results, obtained with a variety of host species, together with a few previously published data (Moksnes et al. 1991 (Moksnes et al. , 1994 suggest that the use of hard model eggs overestimates the frequency and magnitude of rejection costs by cuckoo hosts. For future egg recognition experiments with cuckoo hosts it is advisable to use models mimicking the resistance of cuckoo eggs, or to use real eggs of medium-sized passerines such as the house sparrow. In addition, this approach also avoids undesirable losses of breeding success to the species being tested.
Given our results, we believe that the common use of hard model eggs in experiments has erroneously given rise to a general impression that costs are common in most puncture-ejector cuckoo hosts. For example, in a recent review of rejection costs suffered by hosts of the common cuckoo, Røskaft and Moksnes (1998, p. 241) pointed out that puncture ejection may be a costly process even for cuckoo hosts, but listed only three studies showing rejection costs suffered by hosts, one of them involving experiments with artificial eggs, and the other two concerning only three different host species. We have found that even among puncture ejector species, most are able to eject real eggs without suffering breakage of own eggs. The breakage of own eggs while ejecting sparrow eggs by puncture ejection was an important cost only for the smallest-sized host species (Syl6ia cantillans), while species of medium size, such as Motacilla cinerea, Syl6ia atricapilla, S. melanocephala or Emberiza cia, have the ability to puncture-eject eggs without such direct cost (but see Moksnes et al. 1994 for some cases of ejection costs of real eggs in Syl6ia atricapilla).
However, the video recordings showed that, even in species that did not break own eggs, such as Syl6ia atricapilla or S. melanocephala, real eggs were quite difficult to puncture, because they needed a long time and great pecking efforts to break. Spaw and Rohwer (1987) also evaluated the number of pecks that a cowbird host (the marsh wren Cistothorus palustris) needed to puncture real cowbird and host eggs. They also found that the puncture of real eggs was difficult for birds: only 11% of pecks at parasite eggs, and 30% of pecks at host eggs caused a hole in the surface. Our results are much more extreme, because birds always needed more than 97 pecks to puncture the sparrow egg (mean values between 261 and 549), which probably would not have been enough to puncture the harder cuckoo egg. These results suggest that, even when birds do not break own eggs, rejection may cause other, indirect costs. While pecking, birds cannot incubate, and pecking is rather more conspicuous than incubation. Therefore, as Davies and Brooke (1989b) suggested, the presence of a parasite egg in a nest may reduce incubation efficiency or even increase the predation risk of nests. Identification and quantification of both direct and indirect egg-rejection costs in a wide variety of species using real eggs is needed Moksnes 1998, Rothstein and Robinson 1998) .
